Introduction
Skeletal muscle requires adequate membrane remodeling to achieve and maintain its normal structure and function (1) . It is thus not surprising that several human myopathies are due to mutations in proteins implicated in membrane trafficking and remodeling (2) . Amphiphysins and dynamins are recognized hubs in the membrane trafficking pathway and are known to physically interact in cells (3, 4) . Amphiphysin 2 (BIN1) and dynamin 2 (DNM2) are mutated in rare congenital myopathies called centronuclear myopathies (CNMs) (5-7), characterized by severe muscle weakness and hypotonia associated with mislocalization of nuclei and other organelles and the abnormal orientation and shape of T-tubules in skeletal muscle fibers (8) . Despite numerous studies in vitro or in cell culture, the regulation between amphiphysins and dynamins and their physiological importance are barely understood.
BIN1 contains a BAR domain that can sense and induce membrane curvature and a C-terminal SH3 domain that binds to different effectors containing a proline-rich domain (PRD), such as dynamins (9, 10) . Based on its membrane tubulation properties and on the muscle phenotype of the amphiphysin Drosophila mutant, BIN1 was proposed to participate in the biogenesis of T-tubules, plasma membrane invaginations forming along with the sarcoplasmic reticulum calcium stores the structural basis of the excitation-contraction coupling machinery in cardiac and skeletal muscles (3, 11) . BIN1 recessive mutations in CNMs either impair its membrane tubulation properties, its binding to dynamin 2, or the inclusion of a muscle-specific exon encoding a phosphoinositide-binding (PI-binding) domain (6, 7, 12) . DNM2 is a large GTPase involved in membrane fission and endocytosis (13, 14) . Biochemical studies indicated that several DNM2 mutations causing CNMs increase dynamin oligomer stability and GTPase activity (15) (16) (17) . Moreover, overexpression of WT or a DNM2-CNM mutation leads to CNM-like features in mice and perturbation of muscle and T-tubules in Drosophila (17) (18) (19) . We hypothesize that CNM mutations in BIN1 are loss-of-function while CNM mutations in DNM2 create a gain of function. Here, to study the genetic and functional links between BIN1 and DNM2 and the physiological impact of the BIN1/DNM2 balance in skeletal muscle, we created a Bin1 -/-mouse and modulated DNM2 expression in this model, and analyzed the impact of BIN1 on DNM2 activity.
Results

BIN1 is required in skeletal muscle for perinatal survival.
To study the interplay between BIN1 and DNM2 during muscle maturation, Dnm2 +/-and Bin1 -/-mice were created. The Dnm2 +/-mice are viable without obvious phenotypes (20) . To develop a mouse model for autosomal recessive BIN1-CNM, we floxed exon 20 that is found in all isoforms of BIN1, is frequently mutated in patients, and encodes for the SH3 domain known to bind to DNM2 (7) ( Figure 1A ). FolRegulation of skeletal muscle development and organization is a complex process that is not fully understood. Here, we focused on amphiphysin 2 (BIN1, also known as bridging integrator-1) and dynamin 2 (DNM2), two ubiquitous proteins implicated in membrane remodeling and mutated in centronuclear myopathies (CNMs). We generated Bin1 -/-Dnm2 +/-mice to decipher the physiological interplay between BIN1 and DNM2. While Bin1 -/-mice die perinatally from a skeletal muscle defect, Bin1 -/-Dnm2 +/-mice survived at least 18 months, and had normal muscle force and intracellular organization of muscle fibers, supporting BIN1 as a negative regulator of DNM2. We next characterized muscle-specific isoforms of BIN1 and DNM2. While BIN1 colocalized with and partially inhibited DNM2 activity during muscle maturation, BIN1 had no effect on the isoform of DNM2 found in adult muscle. Together, these results indicate that BIN1 and DNM2 regulate muscle development and organization, function through a common pathway, and define BIN1 as a negative regulator of DNM2 in vitro and in vivo during muscle maturation. Our data suggest that DNM2 modulation has potential as a therapeutic approach for patients with CNM and BIN1 defects. As BIN1 is implicated in cancers, arrhythmia, and late-onset Alzheimer disease, these findings may trigger research directions and therapeutic development for these common diseases.
Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation 4 Reducing DNM2 expression prevents the neonatal lethality caused by BIN1 defect. Recessive BIN1-CNM is due to BIN1 loss of function and dominant DNM2-CNM is probably due to DNM2 gain of function (5, 7, (15) (16) (17) . We hypothesize that these 2 proteins are working antagonistically in the same pathway for muscle maturation and that reducing DNM2 expression might rescue the neonatal lethality observed in 
Dnm2
+/+ (hereafter named WT) littermates ( Figure 1C ). Furthermore, Bin1
-/-Dnm2 +/-mice appeared healthy ( Figure 1C and Supplemental Videos 1-3). As phenotyping performed on other lowing either constitutive or skeletal muscle deletion with CMV or human skeletal actin (HSA) promoters driving the Cre recombinase, Bin1 -/-was neonatally lethal in mice, with no pups surviving the first day of postnatal life (Table 1 and Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/ JCI90542DS1). A similar perinatal lethality was previously reported for another constitutive Bin1 -/-mouse deleted for exon 3 and the phenotype was first attributed to severe ventricular cardiomyopathy (21) ; however, mice with exon 3 cardiac-specific deletion survived to adulthood (22) . At least in our Bin1 -/-model, the lethality is due to a primary defect of skeletal muscle, as the HSA-driven Cre recombinase is only expressed in skeletal muscle, and not cardiac muscle (23) , and this defines an essential role of BIN1 in perinatal muscle maturation. Similarly, most BIN1-CNM patients display neonatal muscle weakness and several died within the first year (7). Fatigue of the TA muscle, measured as the time taken to reach 50% of the maximum muscle force (seconds). All graphs depict the mean ± SEM. Statistical analysis was performed using an unpaired 2-tailed Student's t test for all graphs except H, where a 2-way ANOVA followed by Dunn's multiple comparison test was used. *P < 0.05, **P < 0.01. n = minimum 5 mice per group for C, F-J. Figure  4) . Specific muscle force and fatigability were measured in situ in the TA muscle at 6 and 12 months of age, and no difference between groups was observed ( Figure 1, I and J, and Supplemental Figure 4) Figure 2) . No difference in muscle mass or histology of the heart was noted, a s ventricle thickness was similar and no increased fibrosis was observed at 12 months (Supplemental Figure 3) . Western blot confirmed that BIN1 protein expression was barely detectable in Bin1 -/-Dnm2 +/-mice and that DNM2 expression was reduced to approximately 50% of WT levels ( Figure 1 , D and E), therefore validating that reducing DNM2 expression can rescue the neonatal lethality caused by BIN1 defect. nuclei at 10 weeks up to 20% of fibers and to a lesser extent at 12 months ( Figure 2 , A, C, D, and F). BIN1-CNM histology is characterized by hypotrophic fibers with mislocalized internal nuclei in patient biopsies (24), reminiscent of an important role of BIN1 in nuclear positioning (25) . The slight CNM-like histological features in Bin1 -/-mice with reduced DNM2 level appear compatible with normal muscle strength and coordination.
As Bin1 -/-mice did not survive past day 1 for comparison of the nuclei position, we next analyzed skeletal muscles from mice at embryonic day 18.5 (E18.5). In WT mice at this age, muscles are not yet fully structured, and several fibers with centralized nuclei can still be observed by H&E staining (Supplemental Figure 5A ). In contrast, nearly all fibers from Bin1 -/-mice had centralized nuclei, a feature that was ameliorated by reducing DNM2. Both Bin1 -/-and Bin1 -/-Dnm2 +/-mice displayed an accumulation of SDH staining towards the center of the fibers (Supplemental Figure 5A) ; however, no difference was observed in SDH staining in adult mice (Figure 2 ), indicating that this disease feature is corrected during postnatal development in Bin1 -/-Dnm2 +/-muscles. Overall, these results show that reducing DNM2 expression can improve the histological CNM hallmarks observed in Bin1 -/-mice. Bin1-KO mice with Dnm2 haploinsufficiency have normal muscle ultrastructure and T-tubules. As BAR proteins can remodel membrane in vitro and as Bin1 downregulation with shRNA in adult muscle led to swollen T-tubules (3, 26, 27) , the sarcomere and triad structures were investigated. In skeletal muscles from E18.5 WT mice, DNM2 and α-actinin were detected predominantly in the transverse orientation, consistent with Z-line orientation (Supplemental Figure 5B ). This was also observed in both Bin1 -/-and Bin1 -/-Dnm2 +/-muscles, indicating that BIN1 is not required for the transverse localization of DNM2. In adult Bin1 -/-Dnm2 +/-mice, DNM2 localization was unperturbed and colocalized at the Z-line with α-actinin in 10-week-and 12-month-old mice ( Figure 3A and Supplemental Figure 6 ). By electron microscopy, no obvious structural defects were observed, Z-lines appeared well aligned, myofibrils were of a similar size, and no major differences in organelle size or posimuscle strength. As no Bin1 -/-mice survived past 24 hours, their strength could not be compared.
Dnm2 reduction rescues CNM histology in Bin1-KO mice. To determine if the skeletal muscle structure was affected in Bin1 -/-Dnm2 +/-mice, TA muscle cryosections were stained with hematoxylin and eosin (H&E) and for succinate dehydrogenase (SDH, mitochondrial enzyme) at 10 weeks and 12 months of age. At 10 weeks, muscle fibers were slightly but significantly smaller than WT, while by 12 months this difference was not significant (Figure 2 , A, B, D, and E). No difference was observed in SDH staining at either time point. The main sustained difference was a 9-fold increase in centralized WT mice, supporting normal development and maintenance of the T-tubules ( Figure 3C and Supplemental Figure 6 ). Triads were well formed, with normal membrane shape, and the number of detectable T-tubules per sarcomere was equivalent to WT ( Figure  3 , D and E). As triad structures support calcium flux within muscle fibers, we determined if intracellular calcium levels are altered in the absence of BIN1. As Bin1 -/-mice did not survive past day 1, we analyzed primary myoblasts derived from E18.5 Bin1 -/-mice. At this immature stage of muscle development, no defects in resting tioning was noted ( Figure 3D ). In adult Bin1 -/-Dnm2 +/-mice, localization of DHPR (T-tubule), RYR1 (junctional sarcoplasmic reticulum), and SERCA (longitudinal sarcoplasmic reticulum) was normal on both longitudinal and transversal sections, indicating no disruption of the triads ( Figure 3B and Supplemental Figure 6 ). Caveolin 3 (CAV3) and dysferlin are localized at the T-tubule during muscle development and regeneration, and at the sarcolemma in nonregenerating mature muscle (28 Figure 5C ). In addition, caffeine-stimulated calcium release from the sarcoplasmic reticulum (mediated by RYR1) was not altered (Supplemental Figure 5D ), indicating no defect in calcium storage or handling in myoblasts lacking BIN1. Overall, these results show that while BIN1 defect leads to neonatal lethality from a primary skeletal muscle alteration, decreased expression of DNM2 rescues the lifespan of the animals and associates with normal T-tubule maturation and maintenance compatible with normal muscle force and animal behavior.
BIN1 and DNM2 achieve tissue-specific isoforms during muscle maturation. BIN1 and DNM2 are ubiquitously expressed. To tackle the molecular basis of their muscle specificity, their RNA isoforms were identified by RT-PCR, cDNA cloning, and sequencing during muscle cell maturation in culture, at late embryogenesis (E18.5) and in adult muscle. It was shown previously that BIN1 has at least 10 different splicing isoforms, with iso8 containing the PIbinding domain (exon 11, iso8, Figure 4A ) that is highly expressed in skeletal muscle (3, 7, 12, 29, 30) . BIN1-iso8 is highly expressed in myotubes differentiated for 8 days, and mouse E18.5 and adult muscles (80%-100% of isoforms detected) ( Table 2) , while it was barely present in undifferentiated myoblasts (7), identifying BIN1-iso8 as the main isoform expressed throughout muscle development. Moreover, mining GTEx human expression data found that BIN1-iso8 was skeletal muscle-specific where it represents 99.6 % of isoforms found in adult (Table 3) (31) .
Four transcripts of DNM2 have been previously characterized (32) . In addition, we detected the presence of an in-frame exon located between exons 12 and 13, consisting of 30 nucleotides coding for the predicted murine protein sequence CFYTEELVTG, which we named exon 12B ( Figure 4A ). Inclusion of exon 12B (DNM2+12B) increased from 35% in myoblasts to 44% in differentiated myotubes, and throughout muscle development from 23% (E18.5) to 71% in adult muscle (Table 2) . DNM2 exon 12B is specific for skeletal muscle among 43 human tissues (Table 3 ) (31). Altogether, the data show that while BIN1 and DNM2 are ubiquitously expressed, they achieve specific muscle isoforms during muscle maturation and in adulthood, through alternative splicing.
DNM2 localization correlates with T-tubule maturation. Inclusion of the PI-binding domain in BIN1 increases its membrane tubulation properties (3), while BIN1 alteration or skipping of this muscle-specific PI-binding domain correlates with T-tubule defects, supporting the notion that BIN1 participates in T-tubule biogenesis (11, 12, 24, 27, 33) . During muscle development, forming T-tubules initially have a longitudinal orientation and are then reoriented to their final transverse orientation during the first 3 weeks postnatally in mice (34) . To correlate the appearance of BIN1 and DNM2 muscle-specific isoforms with muscle maturation, localization experiments were performed. At E18.5, tubules appear mixed in localization with some fibers exhibiting longitudinal or immature localization (represented in Figure 4B ) and others exhibiting transversal or mature orientation (representative image in Supplemental Figure 5 ). In myotubes and some E18.5 muscle fibers, BIN1 and DNM2 colocalized extensively on longitudinal tubules (Figure 4 , B and D). In adult muscle, BIN1 localized on transversal T-tubules with the voltage-dependent calcium channel DHPR ( Figure 4C ), while DNM2 staining was more intense at the Z-line with α-actinin ( Figure 3A ) and only partially overlapped with BIN1 at the edge of the I-band (Figure 4, B-D) . In the absence of BIN1, DNM2 transversal localization was not perturbed, as a transverse staining pattern was also observed in both Bin1 -/-and Bin1 -/-Dnm2 +/-muscles ( Figure  3A and Supplemental Figure 5B ), indicating that DNM2 localization at the I-band does not require BIN1. These results indicate that BIN1 and DNM2 may function together in muscle maturation and that increased inclusion of exon 12B in DNM2 correlates with its relocalization away from T-tubules, independent of BIN1 expression.
BIN1 inhibits the GTPase activity of the DNM2 immature muscle isoform. The expression of the DNM2 skeletal muscle exon 12B is increased throughout skeletal muscle development ( Figure 4 and Table 2 ), and its corresponding peptide is predicted to localize between the pleckstrin homology (PH) lipid-binding domain and the stalk in the dynamin structure ( Figure 5A ). We first determined if lipid binding was affected by the inclusion of this exon. Full-length purified recombinant DNM2 proteins with or without the exon 12B peptide were produced (Supplemental Figure 7) . Cosedimentation assays were performed in the presence of liposomes and confirmed that the ubiquitous isoform of DNM2 (-12B) binds Folch liposomes derived from bovine brain, both in the presence or absence of 5% additional phosphatidylinositol 4,5-bisphos phate (PIP2) ( Figure 5B), as previously shown for DNM2 (35) . The skeletal muscle-specific isoform of DNM2 (+12B) can also bind liposomes with or without PIP2 ( Figure 5B ). While previous in vitro or in cellulo studies suggested that BIN1 recruits and activates dynamins at membranes for endocytosis, our in vivo rescue data support the hypothesis that BIN1 is rather a negative regulator of DNM2 activity in skeletal muscle. To assess if BIN1 directly inhibits DNM2, we measured GTP hydrolysis by DNM2. Firstly, the GTPase activity of the ubiquitous DNM2-12B was strongly activated by lipids, as previously known (36) . Here we show that the DNM2+12B isoform is also activated with lipids ( Figure 5C and Supplemental Figure 7) . Strikingly, addition of BIN1 with or without exon 11 reduced DNM2-12B activity but did not impact DNM2+12B activity, indicating that BIN1 inhibits GTP hydrolysis by the ubiquitous and predominantly skeletal muscle developmental DNM2 isoform, but not the muscle-specific adult isoform. Thus, muscle maturation correlates with the appearance and predominance of a muscle-specific DNM2 isoform (+12B) with decreased regulation by BIN1. Taken together with the subcellular localization data, it suggests that BIN1 inhibits DNM2 activity during muscle maturation, while the adult DNM2 musclespecific isoform is uncoupled from BIN1. As BIN1 appears to regulate the embryonic DNM2 isoform but not the adult muscle form, it suggests that adult deletion of Bin1 may not be lethal. Indeed, we found that contrary to embryonic knockout of Bin1, knockout of Bin1 in adult skeletal muscles, using the inducible Cre recombinase expression system, is not lethal (Supplemental Figure 8) , supporting the concept that BIN1 is essential for skeletal muscle development but less for muscle maintenance.
Discussion
The ubiquitous BIN1 and DNM2 proteins are well known to participate in membrane remodeling during endocytosis, and in vitro data suggested that amphiphysin proteins recruit and activate dynamins (37) . Conversely, we found in this study an antagonistic balance between BIN1 and DNM2, supporting that BIN1 is a negative regulator of DNM2 in vivo, at least in skeletal muscle. This underlines that studying regulatory mechanisms in vivo in relevant tissues where specific isoforms are expressed gives a detailed and somehow unexpected view of these mechanisms. These data call for further analysis of dynamin regulation by amphiphysins in additional physiological contexts. Whether this is also true for dynamin 1, the brain dynamin implicated in synaptic vesicle replenishment (38, 39) , remains to be determined.
During muscle development BIN1 and DNM2 strongly colocalize (Figure 4) . At this stage the GTPase activity of the major One-way (B and C) or 2-way (C) ANOVA test was used as described in the Methods section. *P < 0.05, **P < 0.01, ***P < 0.001. jci. ). An ECL kit was purchased from Pierce. Plasmids, Sepharose, and PreScission for in vitro enzymatic assays were purchased from GE Healthcare, and lipids were purchased from Avanti Polar Lipids. Indo-1 calcium indicator was purchased from Thermo Fisher Scientific.
Primary cell culture and differentiation Primary myoblasts from WT newborn mice were prepared using a protocol adapted from De Palma et al. (44) . After hind limb muscle isolation, muscles were minced and digested for 1.5 hours in PBS containing 0.5 mg/ml collagenase (Sigma-Aldrich) and 3.5 mg/ml Dispase (Gibco). Cell suspensions were filtered through a 40-μm cell strainer and preplated in Iscove's Modified Dulbecco's Medium (IMDM, Gibco) with 10% FCS (Gibco), to discard the majority of fibroblasts and contaminating cells, and then incubated for 3 hours. Nonadherent myogenic cells were collected and plated in IMDM with 20% FCS and 1% Chicken Embryo Extract (MP Biomedical) onto 1:100 Matrigel Reduced Factor (BD) in IMDM-coated fluorodishes. Differentiation was triggered by switching the medium to IMDM with 2% horse serum and 24 hours later a thick layer of matrigel (1:3 in IMDM) was added. For immunofluorescence experiments, myotubes were treated with 80 ng/ml agrin, and the medium was changed every 2 days. Cells in culture were prepared, fixed, and stained with antibodies against BIN1-C99D (1:50) and DNM2-R2680 (1:200).
Primary cell culture and calcium measurements Primary myoblasts from WT, Bin1
, or Bin1 -/-mice at E18.5 were prepared using a protocol adapted from De Palma et al. (44) as described above, with minor modifications. Cells were incubated for 1.5 hours. Nonadherent myogenic cells were collected and plated in IMDM with 20% FCS and 1% Chicken Embryo Extract onto 1:100 Matrigel Reduced Factor in IMDM-coated coverslips. Once cells reached 50% confluence, they were incubated for 30 minutes with Indo-1 calcium indicator (5 μM), and then washed and incubated for 30 minutes in medium containing 2 mM calcium. Samples were viewed using a laser scanning confocal microscope (TCS SP2; Leica Microsystems). Baseline measurements were obtained by excitation at 338 nm, and then the ratio of emission wavelengths was measured (405/485 nm, every 2 seconds). Following this, the medium was replaced with calcium-free medium containing EGTA (1 mM) for 5 minutes, and then caffeine was added (25 mM) to activate RYR1-mediated release of calcium from the sarcoplasmic reticulum. The ratio of emission wavelengths was measured (405/485 nm, every 2 seconds).
RT-PCR and isoform detection
Total RNA was extracted from primary myoblasts, differentiated myotubes, and mouse skeletal muscle (E18.5 and adult), using TRIzol (TRI Reagent, Molecular Research Center). Reverse transcription (RT) was performed using Superscript 11 reverse transcriptase (Invitrogen) with 1-2 μg of total RNA, and the presence of BIN1/DNM2 isoforms was detected using our previously described protocol (24) . Primers used DNM2 isoform is inhibited by BIN1 ( Figure 5 ). The appearance and enrichment of muscle-specific BIN1 and DNM2 isoforms correlate with the maturation of T-tubules, and is accompanied by a decreased sensitivity of DNM2 GTPase activity to BIN1 and the relocalization of DNM2 to the actin-rich I-band partly away from the triad. Thus, for normal muscle formation, BIN1 would partially inhibit DNM2 function on nascent T-tubules. BIN1 and DNM2 muscle-specific exons encode amino acids that are located within or close to regions essential for intramolecular regulation; the PIbinding domain binds the SH3 domain in BIN1 (40) and for DNM2 the PH-stalk domain interface mediates assembly of dimers (37) . Thus, BIN1 and DNM2 achieve muscle-specific functions during muscle maturation. These findings indicate for the first time to our knowledge a molecular explanation for the muscle specificity of CNMs. As Bin1 -/-Dnm2 +/-mice develop normally to adulthood with well-organized triads without BIN1, it is rather the BIN1-DNM2 balance that is important for muscle maturation. Potentially, unregulated DNM2, due either to BIN1 alteration or DNM2 mutations, would compromise this BIN1-DNM2 balance and subsequently muscle maturation/maintenance, leading to CNMs.
Here we show that reducing DNM2 in Bin1 -/-mice rescues its neonatal lethality, providing a potential therapeutic approach for patients with BIN1 mutation. We recently discovered that reduction of DNM2 can rescue the lifespan and several pathological features of a murine model of myotubular myopathy, which is the X-linked form of CNM due to mutations in the PI phosphatase MTM1 (20, 41) . Altogether, these results indicate that both MTM1 and BIN1 act upstream of DNM2. Indeed, BIN1 can bind to MTM1 and also to DNM2, and BIN1-CNM mutations interfere with its ability to interact with MTM1 and DNM2 (7, 42) , indicating the importance of this pathway in muscle and disease. Moreover, DNM2 downregulation becomes a potential strategy to rescue several myopathy forms (linked to either MTM1 or BIN1 mutations). This adds credit to the concept of cross-therapy where phenotypes due to loss of a CNM protein (MTM1 or BIN1) are rescued by downregulating another CNM protein (DNM2). As BIN1 was also implicated in several cancers, arrhythmia, and late-onset Alzheimer disease (43) , the epistasis and potential therapeutic approach demonstrated here for myopathies may trigger novel research directions and therapeutic developments for these common diseases.
In conclusion, we show here that reduction of DNM2 can rescue the neonatal lethality due to BIN1 alteration in mice and that the balance and specific regulation between muscle-specific isoforms of BIN1 and DNM2 is necessary for perinatal muscle maturation. These findings highlight that BIN1 is a negative regulator of DNM2 in vitro and in vivo, at least in muscle maturation, and support DNM2 downregulation as a therapeutic strategy to rescue several myopathy forms. ) ( Figure 1 and Figure 4) , linearized, and electroporated into embryonic stem (ES) cells. Recombinant ES cells were injected into C57BL/6 blastocysts that were implanted in pseudopregnant females and germline transmission determined. Recombination was triggered using the CMV promoter. The mice were bred on a B6J background.
Methods
Materials
Dnm2 heterozygous mice. The creation of Dnm2 +/-mice deleted for exon 8 was described previously (20 
Animal experiments
Animals were housed in a temperature-controlled room (19°C-22°C) with a 12-hour light/dark cycle. Mice were weighed weekly until 1 year of age. Mice were humanely killed when required by CO 2 inhalation followed by cervical dislocation, according to national and European legislations on animal experimentation. Muscles and other tissues were dissected and frozen in nitrogen-cooled isopentane and liquid nitrogen for histological and immunoblot assays, respectively. For dissection of E18.5 mice, animals were sacrificed by decapitation and pups were dissected. Hind limbs were snap frozen in liquid nitrogencooled isopentane and prepared for histology and immunofluorescence as described below.
Phenotyping of Bin1 -/-and Dnm2 +/-mice Mice aged 10-15 weeks were phenotyped under the EUMODIC phenotyping program (http://www.eumodic.eu/) with results made publicly available (http://www.europhenome.org/). In both cases male and female mutant mice were comparable to the WT littermates. Blood chemistry, ECG measurements, Dexascan, and qNMR presented here for male mice (n = minimum 10 per group) were performed as part of pipelines 1 and 2 of the EUMODIC phenotyping program, at the Institut Clinique de la Souris (ICS, Illkirch, France; www.ics-mci.fr).
Grip (2 and 4 paws), hang, and rotarod tests Grip strength tests were performed by placing the 2 front paws or all 4 paws on the grid of a dynamometer (Bioseb) and mice were pulled by the tail in the opposite direction. The maximal strength exerted by the mouse before losing grip was recorded. Three trials per mouse were performed, with 30 seconds of rest between trials (2-paws test, n = minimum 5 mice per group; 4-paws test, n = 5-7 mice per group). For the hanging test, mice were suspended from a cage lid for a maximum of 60 seconds. The time when the mouse fell off the cage was recorded for each trial. Three trials per mouse were performed. In the rotarod test, coordination and whole-body muscle strength were tested using an accelerated rotating rod test (Panlab). Mice were placed on the rod, which accelerated from 4 to 40 rpm during 5 minutes. Three trials per day, with 5 minutes of rest between trials were performed for day for PCR amplification were 5′BIN1, ATGGCAGAGATGGGGAG-CAAGG; 3′BIN1, TCACTGCACCCGCTCTGTAAAATT; 5′DNM2, CTAGAGTTGTCTGGTGGAGC; and 3′DNM2, GCTTCATGTCCAA-CAAGCACG. More than 30 cDNA clones were sequenced for each sample. The GTEx database was analyzed for the presence of BIN1 and DNM2 isoforms in various tissues (www.gtexportal.org; latest version V6 dbGaP Accession phs000424.v6.p1) (31) .
Immunofluorescence assays Primary cells were fixed in 4% paraformaldehyde (PFA) for 20 minutes, permeabilized with Triton X-100 (0.2% in PBS), and nonspecific sites were blocked with 10% FCS and 0.1% Triton X-100 in PBS. Primary antibodies were added overnight at 4°C in 0.1% Triton X-100 and 3% FCS in PBS. The following antibodies were used: anti-BIN1 (clone C99D, Sigma-Aldrich) and anti-dynamin 2 (R2680, IGBMC). These antibodies were revealed by employing anti-rabbit Alexa Fluor 594-conjugated or anti-mouse Alexa Fluor 488-conjugated secondary antibodies (Invitrogen). Nuclei were stained with Hoechst 33528 (Sigma-Aldrich) and samples were mounted in FluorSave reagent (Calbiochem).
Protein purification and GTPase activity assay DNM2+12b was generated by primer-directed PCR mutagenesis from the WT construct using primers (hsDNM12B forward, 5′CTG-TTACTATACT GAGCAGCTGGTGACCTGTGCCCAGCAGAGGAG CACGC3′; hsDNM12B reverse, 5′CAGGTCACCAGCTGCTCAGTA-TAGTAACAGTTGGCAAACCCGATGAAGTC3′) and recombinant DNM2 proteins were produced from pVL1392 plasmids in SF9 cells with the baculovirus system as described previously (45) . Briefly, a transfection was performed with DNM2(±12B) plasmids to produce viruses. SF9 cells were infected with viruses and then grown for 3 days at 27°C, and then centrifuged at 2,000 g for 5 minutes. DNM2 recombinant proteins were purified with amphiphysin-SH3 bound to Glutathione-Sepharose 4B beads (GE Healthcare) as previously described (46) . BIN1 recombinant protein was produced from pGEX6P1 plasmid in E. coli BL21. E. coli producing BIN1 were induced with IPTG (0.5 mM) for 3 hours at 37°C, centrifuged at 7,500 g, and then proteins were purified using Glutathione Sepharose 4B beads. The GST tag was cut by PreScission enzyme on the beads and the flow through was recov ered. DNM2 and BIN1 recombinant proteins were used at a ratio of 1:1 or 1:4 as described (DNM2/BIN1). A malachite green assay for GTP hydrolysis using lipids (95% Brain Polar Lipid Extract and 5% PIP2, both Avanti Polar Lipids) was performed as described previously (47) with a reaction time of 5 min utes at 37°C. Two controls were used for this experiment: one with GTP, liposomes, and buffer (no dynamin); and one with dynamin, liposomes, and buffer (no GTP). Both controls produced zero values.
Cosedimentation assay
This assay was performed as described previously (48) . Briefly, 2 μM DNM2 recombinant proteins were mixed with liposomes with or without PIP2 (PE/PC, 80:20, total 1 mg/ml) for 15 minutes at room temperature. High-speed centrifugation was performed to separate pellet and supernatant. The pellet was resuspended and both pellet and supernatant were run in an SDS-PAGE gel. Protein bands were visualized after staining the gel with 2,2,2-trichloroethanol (TCE, Sigma-Aldrich) following activation by UV, allowing labeling of the Trp residues in the DNM2 protein. The ImageLab software from Bio-Rad was used for image acquisition and quantification. jci.org
Volume 127 Number 12 December 2017 the number of triads per sarcomere was quantified. The ratio of triads/ sarcomere was calculated by dividing number of triads clearly identified by the total number of sarcomeres present in the image, as described previously (51) . Forty to 80 triads were counted per mouse, 3 mice/genotype.
Microscopy and analysis
All microscopy was performed at the IGBMC Imaging Centre. All samples for microscopy were mounted in Fluorsave reagent (Merck) and viewed at room temperature. Light microscopy was performed using a fluorescence microscope (DM4000; Leica microsystems) fitted with a color CCD camera (CoolSNAP CF color, Photometrics). Confocal microscopy was performed using a confocal laser scanning microscope (TCS SP2 or SP5; Leica Microsystems). ImageJ and FIJI analysis software were used for image analysis.
Statistics
Statistical analysis was performed using the unpaired 2-tailed Student's t test unless stated otherwise. When stated, a 1-or 2-way ANOVA test was used with Bonferroni or Dunn's Multiple Comparison post hoc test. P values less than 0.05 were considered significant.
Study approval
Animal experimentation was approved by the institutional ethical committee Com'Eth IGBMC-ICS (2012-128, 2013-034).
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